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Max Schwilk,a,b Diana N. Tahchieva,a,b O. Anatole von Lilienfeld,∗a
Despite its relevance for chemistry, the electronic structure of free carbenes throughout chemical space has not yet been
studied in a systematic manner. We explore a large and systematic carbene chemical space consisting of eight thousand
diverse and common carbene scaffolds in their singlet and triplet state computed at controlled accuracy (higher order
multireference level of theory) and with verified carbene character in the electronic structure. Originating in strong
electron correlation, a hard upper limit for the singlet-triplet gap is found to emerge at around 30 kcal/mol for all
the carbene classes in this chemical space. We also observe large vertical and adiabatic spin gap ranges within many
carbene classes (>100 and >60 kcal/mol, respectively), and we report novel relationships between compositional,
structural, and electronic degrees of freedom. Our QMspin data base includes numerical results for ≈13’000 MRCI
calculations on randomly selected carbene scaffolds.
For more than half a century carbenes have been
known for their key role as transient intermediates in a
variety of organic chemistry reactions.1,2 Due to their
high reactivity, carbenes often have a short lifetime and
are therefore most commonly formed in situ.3 Carbenes
with a lifetime longer than typical reaction intermediates
offer the perspective of more versatile applications.
Therefore, an important step in carbene chemistry
was the synthesis of stable and bottleable singlet state
carbenes.4–6 Triplet carbenes, on the other hand, may
have lifetimes of at most few hours and even such
“persistent” triplet carbenes are highly reactive. Highly
reactive carbenes may be experimentally accessible only
via isolation in a rare gas matrix at a few Kelvin7
and carbene properties at such experimental conditions
can be directly compared to results from quantum
chemistry calculations. As such, the high reactivity
of many carbenes makes experimental observations8
challenging and carbene characterization9 has led to
particular fruitful cooperations with computational
approaches.10,11 Despite their experimental importance,
only few computational studies have covered diverse
carbene classes.12–15 More comprehensive carbene
studies involving subspaces of chemical space with
more than a hundred compounds have not yet been
published, indicating that our understanding of trends
in carbene chemistry are far from complete. Ultimately,
electronic structure validation at controlled accuracy of
combinatorically derived carbene structures can enable
the exploration of new relationships which could prove
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helpful for their use in materials discovery and design
efforts.
Here, we report on discoveries made based on an
extensive analysis of a large set of newly computed
accurate structures and spin splittings at higher order
multireference level (MR) of theory [MR configuration
interaction (MRCI)] for eight thousand carbenes which
we generated from a random subset of molecular scaf-
folds from supposedly stable and synthetizable organic
molecules with up to nine heavy atoms of the elements
H, C, N, O, and F (QM9 data set).16 Surprisingly, for
almost 90% of these initial carbene candidates we could
confirm that the divalent carbon center always has two
well-localized non-bonding orbitals, thereby qualifying
as “genuine” carbenes. The obtained data set is named
QMspin and contains numerous carbene classes as they
emerge from the chemical space of QM9. Our analysis
elucidates the combinatorial possibilities and limitations
of electronic carbene spin state design.
Results and Discussion
The versatility of adiabatic spin gaps. A
coarse classification of the carbenes in our QMspin
data set can be made into carbenes with (a) σ-electron-
withdrawing and pi-electron-donating α-substituents, e.
g. oxo- and amino-carbenes (b) aliphatic and aromatic
α-substituents, e. g. vinyl-,17 alkynyl-,18 alkyl-,19 and
aryl-20carbenes, and (c) α-substituents with moderate
σ-electron- and pi-electron-withdrawing character, such
as cyano-21 and carbonyl-carbenes. In general, group
(a) strongly stabilizes the singlet state22,23 while group
(b) stabilizes the triplet state or has a near zero spin
gap.24 For carbonyl-carbenes, which are part of group
(c), strong conformational changes can arise between the
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Fig. 1 Distribution of the 5021 adiabatic singlet-triplet gaps computed with MRCI for all functional groups with more than
0.1% occurrence in the QMspin data set. Carbene classes are grouped according to their main characteristics (a)-(c) (see
Methods section for details). ∆Eads−t > 0 (blue) and ∆Eads−t < 0 (red) correspond to carbenes with a singlet and triplet ground
state, respectively. R’-C¨1-R and R’-C¨-R1 denote carbenes in ring and ring in α position, respectively. A selection of extremal
carbenes in terms of ∆Eads−t are shown as insets with their triplet state structure. Roman numerals indicate examples of the
effect of the carbene environment described in the text. As an inset plot is given the distribution of carbene angle for singlet
(red) and triplet (blue) state geometries (only acyclic carbenes).
singlet and triplet state and especially high spin gaps may result.25–27
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Figure 1 shows the distribution of the adiabatic
spin gap ∆Eads−t for the different combinations of α-
substituents, given in SMILES28-like abbreviations,
referred to in typewriter font in the following. The
carbenes are grouped into the categories (a)–(c) for
which the expected main trends are clearly reproduced:
Group (a) carbenes mostly have spin gaps between -50
and -20 kcal/mol, group (b) carbenes mostly distribute
within 10 kcal/mol around a zero spin gap, and group
(c) carbenes can reach one of the highest adiabatic spin
gaps that are observed (around 10 kcal/mol). Hence,
the here represented chemical space, whose molecular
scaffolds were constructed by purely combinatorial
rules, elucidates the same main trends as observed
by experimental approaches or theoretical studies on
manually selected representative carbenes. However,
also extreme molecules in terms of spin gaps emerge
from the data set and some of them are shown as insets
in the figure. We observe broadest spreads of ∆Eads−t for
cyclic carbenes [R-C¨1-R in Figure 1] mainly due to the
geometrical constraints imposed by the ring structure.
The most remarkable trends and relationships can be
grouped as follows (inset molecules in Fig. 1 are labeled
with the roman letter accordingly):
I. Two oxy-substituents, occuring for cyclic carbenes
[(O-C¨1-O) in the Figure], show the lowest average spin
gap (≈-60 kcal/mol). The spin gaps of cyclic carbenes
with one oxy-substituent [O-C¨1-O in the Figure] dis-
tribute around an average value that is ≈20 kcal/mol
higher, providing statistical evidence for an “additivity”
of this σ-withdrawing functional group in stabilizing the
singlet state. Acyclic hydroxy- (CC¨O, OC¨C1) and oxy-
carbenes (CC¨OC, CC¨OC(=O)) show an average spin gap
of ≈-30 kcal/mol. Carbenes with N-substituents in α,
to a large part comprised of cyclic alkyl aminocarbenes
(cAAC)29 [C-C¨1-N in Fig. 1], span a previously unre-
ported wide range of adiabatic spin gaps. For exam-
ple, a spiro-aziridine-derived carbene has ∆Eads−t=-60.6
kcal/mol while we also find a cAAC with a positive spin
gap (see inset in the Figure). The latter is the first re-
ported cAAC with an expected triplet ground state: The
bicyclic structure imposes a quasi-planar conformation on
the O=C-C¨-N axis and the resulting strong pi-interaction
favours the triplet state.
II. Acyclic amino-carbenes constitute the groups
CN[C¨H], CC¨N, NC¨C1, and part of the compounds in CC¨N1,
[C¨H]N1. They show mostly a singlet ground state in ac-
cordance with other computational results in the litera-
ture,12 the lowest values reach ∆Eads−t ≈-40 kcal/mol (see
inset example). Acyclic alkyl amino carbenes (acAACs)
have gained considerable interest in catalysis in recent
years,30 here a wide range of adiabatic spin gaps for these
compounds is reported for the first time.
III. For alkyl- and aryl-carbenes exceptionally low
spin gaps (∆Eads−t <-20 kcal/mol) arise for pi-donor sub-
stituents, such as furan derivatives, or in the pres-
ence of strong ring strains, as shown in inset exam-
ples. These carbenes comprise the following groups,
distinguished by their functional groups in β-position:
[C¨H]CC#C, CC[C¨H], [C¨H]CC(=O), CC¨CO, CC¨CC, [C¨H]CO,
CC¨COC, [C¨H]CN, CC¨CC(=O) and some of the systems in
[C¨H]C1 and CC¨C1.
IV. In accordance with previous results12 the cyano
(CC¨C#N) and alkynyl (C#CC¨C, [C¨H]C#C) functional groups
stabilize the triplet state (one inset example is given in
the Figure).
V. One of the highest values for ∆Eads−t (≈ 14
kcal/mol) are obtained for carbonyl-carbenes (CC¨C(=O)
and [C¨H]C=O) when the carbonyl group is part of an elec-
trophilic pi-system or steric constraints enforce a large
bond angle at the carbene center (see inset example).
However, inspection of the spin gap distributions of
“mixed” group (a) and (c) carbenes [see e. g. C#CC¨O,
C(=O)C¨OC, NC¨C(=O), and inset example] puts into evi-
dence that the oxy- or amino-group generally prevails in
its influence on the spin gap. We grouped these carbenes
therefore in the class (a).
Carbene bond angle. The relationship between the
bond angle at the carbene center ( Ó R-C¨-R’) and the spin
gap has always been of strong scientific interest in car-
bene chemistry.22,23 The basic reasoning is: the smaller
the carbene angle, the higher the s-character of the ener-
getically low-lying non-bonding orbital, hence the higher
the orbital energy splitting and the lower the singlet state
energy.31 The inset plot of Fig. 1 shows a surprisingly
clear-cut relationship: Almost all acyclic carbene triplet
state structures have a carbene center bond angle above
120◦ while for the corresponding singlet state structures
this value is almost always below 120◦. The angle distri-
bution for the singlet state has a peak at around 105◦,
while the one for the triplet state distributes around 130◦.
Strong electron correlation. Multi-reference meth-
ods allow for explicitly measuring the degree of resonance
stabilization in the singlet state of the two electrons in
the two carbene non-bonding orbitals [(2e,2o)], in our
case CASSCF averaged over the two spin states. Natu-
ral orbitals in the (2e,2o) active space describe the singlet
ground state by two closed shell configurations with their
coefficients cR and cS of the non-bonding carbene orbitals
r and s, whose degree of “entanglement” can be given by
an angle θ = arctan( |cS ||cR| ) with cR ≥ cS . The values of
θ can then range from 0◦ to 45◦, where an angle of a
few degrees indicates weak resonance stabilization and
θ = 45◦ indicates maximum resonance stabilization with
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Fig. 2 Normalized distribution of ∆Es−t//t (blue) and
∆Es−t//s (red) calculated with MRCISD+Q-F12/cc-pVDZ-
F12. Examples for extreme carbenes with lowest singlet and
highest triplet are given as inset figures.
two equivalently important configurations in the molec-
ular wave function (see Figure SI-1 for an illustration of
the carbene molecular orbital diagram and the entangle-
ment angle θ). We find that natural orbitals as eigenfunc-
tions of the one-particle state-averaged density matrix
reproduce well the chemical concepts of the carbene non-
bonding orbitals’ hybridization (indeed mostly sp2- and
p-orbitals) and are therefore also a useful qualitative tool
for visual inspection. It should be noted that the orbital
entanglement can also be expressed as diradical character
of the singlet state by an appropriate pairwise rotation
of the active space orbitals and similar measures have
been used to quantify the diradical character of the sin-
glet ground state in extended pi systems.32 The distribu-
tion of the entanglement angles for the singlet and triplet
state optimized structures (depicted in Fig. SI-2) shows
that this strong electron correlation generally plays a sig-
nificant role in singlet state stabilization (10◦ ≤ θ ≤ 20◦
in most cases). Interestingly, the large values of θ do not
directly correlate with large values of the carbene bond
angle. The latent presence of the strong orbital entan-
glement in the singlet state has been discussed early on
in computational carbene chemistry (see the SI for a dis-
cussion of additional details).10
The versatility of vertical spin gaps. The study
of vertical spin gaps ∆Es−t plays a key role in analyzing
carbene reactivity in the context of spin-flip processes.
Furthermore, vertical spin gaps also have a conceptual
value in probing the limits in spin state design imposed
by the carbene electronic structure independently from
structural relaxation. In the following, vertical spin gaps
of the singlet and triplet optimized structures are named
∆Es−t//s and ∆Es−t//t, respectively. Fig. 2 shows the
vertical spin gap distributions along with exemplary ex-
treme vertical spin gap cases as inset structures. Further
extreme vertical spin gap cases are illustrated in Tables
SI-1 and SI-2. For triplet state geometries, the lowest
spin gaps occur at specific oxirane- and dioxane-derived
cyclic carbenes in the lines of our observations for adia-
batic spin gaps. Unexpected and previously unreported
structure–property relationships on the vertical carbene
spin gaps are:
• The molecules with the highest vertical spin gaps of
the triplet state structure ∆Es−t//t are all in a sur-
prisingly narrow range of 28 to 30 kcal/mol (see Fig.
2 and Table SI-1). These molecules are monosubsti-
tuted methylidenes, namely amino-, amido-, cyano-,
or carbonyl-carbenes. The bond angle at the car-
bene center in these cases is around 130◦ and the
singlet state shows a strong multi-reference charac-
ter. Disubstitued methylidenes (e. g. cyano-, oxo-,
methoxy-carbenes) show a similar spin gap range of
20 ≤ ∆Es−t//t ≤ 30 kcal/mol and also for acAACs
we observe an unexpectedly large stabilization of
the triplet state structure with vertical spin gaps
∆Es−t//t >20 kcal/mol (see Tab. SI-1).
• Fig. 2 and Table SI-2 also show a selection of the
most extreme values of vertical spin gaps of the sin-
glet state structure ∆Es−t//s. In the case of cyclic
carbenes, the steric constraint on the torsional an-
gels can be the dominant factor of singlet spin state
destabilization, e. g. we find a vinyl-carbene in a
7-cycle with ∆Es−t//s >0 kcal/mol (see Table SI-
2). Similarly, an aryl carbene with a positive value
of ∆Es−t//s (see inset structure in the Figure) il-
lustrates how a fluorine hydrogen bond enforces a
torsional angle on the carbene and a resulting pi-
interaction with an electrophilic aromatic system.
• Remarkably, a multitude of acyclic carbenes of group
(c), namely amino-, carbonyl-, imino-, and vinyl-
carbenes, are found among both the negative and
positive extreme values of vertical spin gaps (see
Tables SI-1 and SI-2). For example, carbonyl-
substituted methylidenes show negative spin gaps
down to ∆Es−t//s = -115.1 and positive spin gaps up
to Es−t//t = 28.1. This drastic change in the verti-
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Fig. 3 Spread of the singlet-triplet energy splittings (in
kcal/mol) calculated with MRCISD-F12+Q/cc-pVDZ-F12 at
the B3LYP geometry for the triplet state (y-axis) and
CASSCF(2e,2o) geometry for the singlet state (x-axis). Dis-
tribution of the range of the singlet triplet gap energies among
the carbene data set are given as joined plots.
cal spin gap is a showcase for how sensitive the spin
gap is to pi-interactions mediated via the torsional
angles at the carbene center and has raised interest
already for several decades.27 Such a drastic change
in chemical characteristic for a wide range of carbene
classes and resulting vertical spin gaps has however
not been reported before.
A scatter plot of the vertical spin gaps of the singlet
and triplet state geometries is shown in Fig. 3, illus-
trating the generally strong influence of the structural
changes on the vertical spin gap. Carbene centers with
sp carbons in both α positions can undergo maximum
“fourfold” pi-interactions by adopting themselves a sp hy-
bridization. We find such a linear configuration in both
singlet and triplet state structures for the dialkyne car-
bene HC6N (see inset example in Fig. 3). A particularity
is that the singlet state is of 1∆ symmetry and there-
fore paramagnetic. The triplet state has been studied
experimentally33 and computationally,34 but only a sta-
ble 1∆ singlet state of the related linear diethynyl car-
bene has been studied computationally (at Hartree-Fock
level of theory).35 The largest change in the vertical
Fig. 4 Correlation plot of the vertical singlet-triplet en-
ergy gap Es−t (calculated using MRCISD+Q-F12/cc-pVDZ-
F12) and the energy difference between the active orbitals at
the carbene center ∆εrs (calculated using SA-CASSCF/cc-
pVDZ-F12) in kcal/mol. Correlation plots of the entangle-
ment angle θ and Es−t as well as θ and ∆εrs are given as
insets. Triplet and singlet state geometries are given in blue
and red colour, respectively.
spin gap for the spin state specific geometries occurred
in an amino-cyano-carbene (see inset Fig. 3). In the
singlet state, strong pi donation from the geometrically
constrained amino group leads to a large splitting (Ó R-
C¨-R’ = 111.5◦). In the triplet state the carbene center
approaches more of a sp character, as two perpendic-
ular pi systems are available for maximized “threefold”
pi-interaction (Ó R-C¨-R’ = 134.9◦). As another exam-
ple of drastic changes in the vertical spin gap emerges a
foiled carbene (see inset of the Figure) due to the strong
through-space pi-donation into the carbene p-orbital in
the singlet state structure.36 A notably large amount of
carbenes in the QMspin data set are metastable with re-
spect to inter-system-crossing by at least 10 kcal/mol,
shown as the blue shaded area in Fig. 3. This means
that in general a large number of carbenes can be acces-
sible as metastable intermediates in both spin states.
A hard upper limit for ∆Es−t. A very striking
observation in Fig. 3 is the emergence of a hard upper
limit of ∆Es−t//t of ≈30 kcal/mol on this diverse carbene
chemical space. This finding is consistent with the fact
that only few computed adiabatic spin gaps of ∆Eads−t>20
kcal/mol are reported in the literature12,15,37 and that,
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to the best of our knowledge, accurate predictions of spin
gaps of ∆Eads−t >30 kcal/mol have not yet been reported
for non-metal α-substituents.
CASSCF(2e,2o) yields a qualitatively correct descrip-
tion of the wave functions of both spin states with re-
spect to MRCI (RMSD: 5.3 kcal/mol, max. error: 5.5
kcal/mol for the CASSCF vertical spin gap ∆ECASSCFs−t ).
An analysis of the CASSCF wave function is therefore
well suited for identifying the significant physical inter-
actions behind this phenomenon of a hard upper limit
for the singlet-triplet vertical spin gap ∆Es−t. The cor-
relation between the entanglement angle of the singlet
state and ∆Es−t is depicted in the left inset of Fig. 4
for the singlet state (red) and triplet state (blue) struc-
tures. Two different “regimes” can be clearly identified:
(i) Regime of “moderate” carbene orbital entanglement
with θ≤ 15◦ (resulting in −150≤∆Es−t ≤ 10 kcal/mol);
(ii) Regime of strong carbene orbital entanglement with
θ > 15◦ (resulting in 5≤∆Es−t ≤ 30 kcal/mol).
The energy splitting ∆εrs on the carbene non-bonding
orbitals r and s is a matter of long-standing scientific
interest.36,38 Given that the active space of our state-
averaged CASSCF calculations is verified to reproduce
the nonbonding carbene orbitals we define the associated
orbital energies ε by borrowing the reasoning of Koop-
mans’ Theorem39 as the state averaged negative ioniza-
tion energies of the closed shell singlet electron configu-
ration associated with the orbital r or s and the triplet
configuration. This orbital energy can be computed as:
εr = ε(1)r +
1
2(Jrr +Jrs−Krs) (1)
with ε(1) containing the mean-field interaction with
closed shell orbitals, the kinetic energy term, and
electron–nuclei interaction. Jrs is the Coulomb repulsion
of two electrons in orbitals r and s, Krs the correspond-
ing exchange interaction in the triplet state. The spin
gap at CASSCF level of theory can then be expressed in
terms of the entanglement angle θ as (see section 3 in the
SI for a detailed derivation)
∆ECASSCFs−t = cos(2θ) ∆εrs+ [1− sin(2θ)]Krs+ ∆J+rs
(2)
where ∆J+rs = 12 (Jrr + Jss)− Jrs is the averaged differ-
ence of Coulomb interactions between electrons in the
non-bonding orbitals for the singlet and triplet state con-
figurations. In eq. 2 it can be seen that a large energy
splitting of the active space orbitals is a main driving
force in the singlet state stabilization, whereas the mini-
mization in Coulomb interaction within the active space,
expressed by ∆J+rs > 0, is a main driving force in the
triplet state stabilization. The resonance energy stabi-
lization via Krs is present in both states, but its magni-
tude has the prefactor cos(2θ) in the singlet state. The
average contributions ofKrs and ∆J+rs in our data set are
≈30 and ≈37 kcal/mol, respectively. Distribution plots
of these quantities are shown in Fig. SI-4. ∆J+rs is rather
narrowly distributed within a few kcal/mol. The reso-
nance interaction Krs depends more sensitively on the
spatial overlap of the orbitals and therefore varies a bit
stronger.
Taylor expansions for the moderately and strongly en-
tangled regime can be obtained at the angles θ = 0◦ and
θ = 45◦, respectively. Using the variational condition
∂∆Es−t
∂θ = 0 of CASSCF, the second order Taylor expan-
sions yield approximate direct relationships of the spin
gap and the orbital energy splitting as
for θ ≥ 25◦ :
∆ECASSCFs−t ≈
−∆ε2rs
2Krs
+ ∆J+rs ,
for θ ≤ 15◦ :
∆ECASSCFs−t ≈∆εrs+ ∆J+rs+Krs
(
1 + Krs2∆εrs
)
. (3)
Hence, in the moderately entangled regime, a linear rela-
tionship of ∆Es−t and ∆εrs would be approached with
an offset given by ∆J+rs+Krs. In the strongly entangled
regime ∆Es−t would depend quadratically on the vanish-
ing value of ∆εrs, reaching an upper limit given by ∆J+rs.
Similar relationships have been derived for valence con-
figuration interaction calculations on singlet-triplet spin
gaps of polyacenes.32 The relationships in eq. 3 can in-
deed be found for ∆Es−t in Fig. 3: The mean signed de-
viation of CASSCF with respect to MRCI in our data set
is -5.1 kcal/mol, arising from stronger dynamic electron
correlation stabilization of the singlet state in compari-
son to the triplet state. Subtracting these higher-order
electron correlation effects, the contribution of ∆J+rs can
consistently explain the upper limit. In the moderately
entangled regime the approximately linear relationship is
also observed. Hence, carbene spin gaps over the whole
chemical space can be explained in an intuitive way. The
upper limit for the vertical spin gap is inherent to the
carbene characteristic of a divalent carbon atom with two
non-bonding orbitals of mixed s and p character.
Gleiter and Hoffmann computed with extended Hückel
calculations for a variety of carbenes in 196836 that an
energy splitting of less than about 35 kcal/mol would lead
to a triplet ground state. In turn, values above about 50
kcal/mol would lead to a singlet ground state. In com-
parison, we find orbital energy splitting values of about
45 and 60 kcal/mol as the limit values for a triplet and
singlet ground state, respectively.
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Fig. 5 Molecular orbitals (MO) of the sp2 and p orbitals of
the carbene center and the low lying HOMO and LUMO or-
bitals of interacting functional groups for molecules with con-
siderable delocalization of the carbene non-bonding orbitals
(molecules not retained in the QMspin set). Hyperconjuga-
tion is indicated by curly arrows in the 2D structure.
Conjugation to strongly electrophilic pi-systems.
Among the molecules that have not been retained in the
QMspin carbene data set because of strong delocaliza-
tion of the carbene non-bonding orbitals were a signif-
icant number of carbenes conjugated to strongly elec-
trophilic pi-systems. Aryl carbenes show stabilization of
their triplet states by moderate delocalization of the di-
radical character.22 However, when coupled to pi-systems
with strong electrophilic character, it is generally rea-
soned that a complete mixing of the carbene p-orbital
with the pi-system occurs,24 provoking the loss of the
“genuine” carbene character. In order to gain a quali-
tative insight, for a subset of such carbenes sorted out
from the QMspin data set, we performed state-averaged
CASSCF(4e,4o) calculations including the two lowest sin-
glet and four lowest triplet states, followed by MRCI cal-
culations of the individual states. An example of such a
molecular orbital diagram for the CASSCF active space
is given in Fig. SI-3, 2D structures of a representative set
along with their vertical spin gaps are shown in Table SI-
3. The active space natural orbitals yield in most cases
a localized sp2 orbital, as well as delocalized pi-orbitals.
Strong orbital entanglement in the lowest singlet state of
this extended active space then usually emerges in the
form of diradical singlet configurations which would jus-
tify the attribution of these systems to the class of “open
shell singlet” carbenes.40
Hyperconjugation across saturated carbon.
Oxy- and amino-carbenes may show high energy split-
tings of the non-bonding carbene orbitals and hence low-
lying singlet states, especially if the carbene center is
mesomerically “isolated” by a saturated carbon (or the
sp3 nitrogen of an amino-group). Among systems that
showed strong delocalization of the carbene non-bonding
orbitals, we investigated some with a (4e,4o) active space,
including the four lowest triplet states and the lowest sin-
Fig. 6 Sum of bond angles on the nitrogen atom in carbene
molecules with an alkyl amino group at β-position to the car-
bene center for the singlet state and triplet state structure, as
well as the corresponding QM9 molecule. Hyperconjugation
is illustrated by the open shell restricted KS-B3LYP orbitals
(the triplet state geometry optimization method) at the car-
bene center (sp2 blue/purple), the nitrogen atom p-Orbitals
are shown in green.
glet state in the state-averaged CASSCF calculation. For
two representative molecules A and B, the four natural
orbitals of the active space are depicted in Figure 5. Each
of them represents a typical scenario for the breakdown
of the carbene character:
• A: Strongly electrophilic pi-systems with a rather low
lying unoccupied orbital (e. g. 1,2-diketones) may
be close in energy to the carbene p-orbital. For
several molecules with low-lying singlet states, this
leads to the loss of a clear carbene character of the
triplet state wave function in the sense that signif-
icant charge transfer from the carbene p-orbital to
the strongly electrophilic group occurs in the triplet
state structure. A localizes well the natural orbitals
both on the carbene center and the pi-systems with
the extended (4e,4o) active space, yet the natural
orbitals did not localize well with the (2e,2o) active
space. The reason is that the lowest triplet state in
the extended active state shows non-negligible con-
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tributions from a configuration that involves charge
transfer from the carbene center to the strongly elec-
trophilic pi-system. Namely the charge transfer oc-
curs into the LUMO of the diketone functional group
(rightmost orbital of A in Fig. 5, see Table SI-4 for
details on the electron configurations involved in the
triplet state).
• B: The sp2 carbene non-bonding orbital may fall in
the energy range of pi-orbitals of alkenyl groups. The
triplet ground state wave function shows indeed a
strong contribution (16%) from a configuration that
expresses charge-transfer from the vinyl group to the
sp2 carbene orbital. The sp2 carbene orbital of the
triplet state optimized structure of molecule B in
Fig. 5 shows significant contributions on the vinyl
group (14 %) and the sp3-carbon in α-position to the
carbene center (9 %). Hence, strong hyperconjuga-
tion involving the saturated “sp5” carbon center41
of the 3-cycle is present in the triplet state.
These examples illustrate the limits of up to how much
the carbene non-bonding orbitals can vary in energy in
this chemical space before the clear carbene electronic
structure breaks down.
Finally, it is known that the carbene non-bonding or-
bitals can have interactions with pi-orbitals in β-position
beyond conjugation.42,43 In order to probe eventual simi-
lar unconventional effects of nitrogen containing groups in
our data set, we investigated structural changes of acyclic
amino groups in β-position of the carbene center, sepa-
rated by a saturated carbon from the latter. In Fig. 6
the sum of bond angles of such nitrogen centers in the
triplet and singlet optimized carbene structures is com-
pared to the one of the corresponding closed-shell QM9
molecule. Thereby, the initial QM9 structure was reopti-
mized at the same level of theory as the triplet state struc-
ture (spin-restricted B3LYP/def2-TZVP). A significant
gain in planarity of the amine group in the triplet state
structure is observed for carbenes derived from small cy-
cles. Three exemplary structures are shown as inset in
the Figure, where the effect is strongest for cyclopropy-
lidenes.44 We indeed find that the pi∗-orbital of the N-
Ccycle bond hyperconjugates with the carbene sp2 non-
bonding orbital and stabilizes the triplet state by spin
density delocalization. This singly occupied orbital, as
well as the alkyl amine lone pair with mainly p-character,
are shown as an inset for two of these structures in the
Figure, computed as Kohn-Sham orbitals of the triplet
state structure optimization method. The active space
orbitals of CASSCF(2e,2o) reproduce this picture. To
our best knowledge, this is the first reported example of
such an amino-to-carbene interaction across a saturated
carbon center. The destabilization of the saturated car-
bon center by strong ring constraints may strongly favor
such hyperconjugation effects.
From Fig. 6 it can also be seen that the singlet state
structure of the carbenes, on the other hand, shows rather
lower planarity in the amino-group in β-position as com-
pared to the closed shell structures, possibly induced by
polarization effects (see two example molecules as inset
in Fig. 6).
Conclusion
We present a higher–order multireference level of
theory study of a large carbene chemical space with
more than eight thousand distinct machine-generated
molecular scaffolds. Accuracy of the data is ensured by
a protocol that verifies the genuine carbene character of
the electronic structure. Unexpectedly, an overwhelming
large part of the combinatorially possible carbene chem-
ical space (almost 90%) could be classified as genuine
carbenes with a stable structure in both spin states,
indicating the ubiquitous availability of carbenes as
reaction intermediates in organic chemistry.
Chemical rules have been extracted as they emerge
from the data, helping to reduce human selection bias
based on preconceived assumptions and data-scarcity. An
inherent hard upper limit of about 30 kcal/mol in the
singlet-triplet spin gap has been observed and an expla-
nation based on the underlying physics of the carbene
electronic structure along with numerical evidence has
been provided. Further unexpected insights on the chem-
ical space include large vertical and adiabatic spin gap
ranges for many carbene classes (>60 and >100 kcal/mol,
respectively), as well as the prediction of a linear sin-
glet state carbene in the paramagnetic 1∆ state at multi-
reference level of theory. The delicate role of conjugation
and hyperconjugation over the chemical space has been
elucidated, as these offer energetic stabilization but may
ultimately lead to the breakdown of the carbene charac-
ter if too dominant. To the best of our knowledge, this
is the first example of an approach that seeks to probe
the inherent compositional limitations of a large chemi-
cal space of machine-generated scaffolds with systematic
application of higher-order multi-reference level of theory.
Understanding and mapping composition and atomic
configuration to electronic structure for a chemical space
of free carbenes opens the door towards libraries of en-
ergetically accessible intermediates which are crucial for
the construction of organic chemistry reaction networks.
Furthermore, we provide the largest set published so far
for accurate spin gaps of molecules with strongly corre-
lated electrons, ideal for benchmarking computationally
more efficient but less accurate quantum chemical meth-
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ods. Finally, the data could also serve the training, test-
ing, and application of machine learning models.
Methods
Data set generation. A carbene chemical space
of ≈8000 molecules was created from ≈4000 randomly
selected molecular geometries out of the ≈130k molecules
of the QM916 data set. The created data set is named
“QMspin” here-within. Two hydrogen atoms were
abstracted from all applicable saturated carbon centers
in the original molecules using the OpenEye Toolkit.45
The triplet state carbene geometry was optimized using
open-shell restricted Kohn-Sham B3LYP46,47 with the
def2-TZVP48 molecular orbitals basis and the def2-
TZVPP density fitting basis. The carbene singlet state
geometries were optimized with the complete active space
self consistent field (CASSCF) method49–51 implemented
in Molpro52 with a two electrons in two orbitals [(2e,2o)]
active space using the cc-pVDZ-F1253 (“VDZ-F12”)
molecular orbital basis and the aug-cc-pVTZ54 density
fitting basis. The singlet-state geometry optimizations
were started from the triplet state structures. Since the
singlet state geometry optimizations were considerably
more expensive in terms of computational cost, they
were done for ≈60% of the triplet state structures. The
data set therefore contains ≈13k carbene structures of
≈8000 distinct scaffolds. Molecules that showed bond
breaking during the geometry optimizations have been
sorted out (≈8%).55 To verify that the geometries
optimized at singlet and triplet state converged to the
same conformational local minima, we computed the
RMSD of the changes in atomic positions between them.
For the few cases where RMSD > 1 Å it was verified
that the large RMSD was due to changes in bond and
torsion angle on the carbene center itself. The latter
arises solely as a direct consequence of the change in
spin state.
The multireference SCF spin gaps for the optimized
geometries have been computed with the state-averaged
(SA) CASSCF(2e,2o) method. Based on this refer-
ence wave function, internally contracted explicitly
correlated multi-reference configuration interaction
singles and doubles with the quadruples Davidson
correction (MRCISD+Q-F12)56–60 singlet and triplet
state energies were computed using the same basis set
as for the CASSCF computations. The application of
the F12 correction generally enables obtaining results
at MRCISD+Q/quadruple zeta basis quality already
at the MRCISD+Q-F12/VDZ-F12 level of theory.59
The complementary auxiliary basis set (CABS) singles
correction61 is included in the MRCISD+Q-F12 results.
For the spin gap in methylene, the basis set convergence
of MRCISD+Q-F12/VDZ-F12 was indeed found to be
within chemical accuracy to the basis set limit.59 For
further detailed discussion on the suitability of our
methodological approach see Section 1 in the SI. Orbital
visualization has been realized with IboView.62
Identification of the carbene character. It was
verified that the computed SA-CASSCF(2e,2o) wave
function corresponds to the electronic structure of a
carbene. To this end, we localized the closed and active
orbital spaces by computing intrinsic bond orbitals
(IBOs).63 Subsequently, we used these to derive bonding
valencies based on the closed-shell orbitals for all carbon
atoms in the molecule. A closed shell orbital was
attributed to all carbon atoms with a contribution
of ≥ 20% to the bond. The IBO orbital localization
procedure was chosen with exponent “4” such that
non-polar aromatic compounds are described by bonds
mainly located at two centers.63 In this way, moderate
(hyper-)conjugation effects in the closed shell orbitals do
not lead to an erroneous bond valency overcount for the
carbon atoms. For active space orbitals, a contribution
of ≥ 30% from the carbene center was required and
it was verified that no other carbon atom bears a
contribution of ≥ 30%. A correct carbene description
is then given by the presence of only one divalent
carbon atom, all other carbon atoms being tetravalent
according to the connectivity established with IBOs.
This was found for the vast majority of the initial triplet
state structures (≈ 95%) and almost all of the initial
singlet state structures (≈ 99.5%). Among the triplet
state optimized structures retracted from the QMspin
data set (“non-genuine” carbenes), we investigated a
subset with a larger CASSCF active space (see Results
and Discussion section for details). For the molecules
retained in the QMspin data set it was also verified
that the wave function of the method used for geometry
optimization [restricted open-shell B3LYP or singlet
state CASSCF(2e,2o)] corresponded to a carbene in
the sense defined above. Furthermore, it was verified
that the weight of the reference configurations in the
normalized MRCI wave function was > 0.75. This left
us with 8062 triplet and 5021 singlet state optimized
structures in the QMspin data set.
Supporting Information
Additional figures and tables are shown and additional as-
pects on the choice of the used quantum chemistry meth-
ods are discussed. The equations for the approximate
relationship of carbene non-bonding orbitals and vertical
singlet-triplet spin gaps are derived in detail. The data
of the underlying quantum chemistry calculations (struc-
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available on www.materialscloud.org.
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1 Additional results
Figure 1: Left: Electronic configuration of carbenes for triplet and singlet state; middle:
Schematic illustration of the singlet state orbital entanglement angle formed by the config-
urations state |20〉 and |02〉; right: CASSCF(2o,2e) active space orbitals of an exemplary
carbene molecule.
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Figure 2: Distribution of the range of entanglement angle in the carbene data set for singlet-
state CASSCF//cc-pVDZ-F12 optimized geometries (red) and triplet-state B3LYP optimized
geometries (blue).
Figure 3: A molecular orbital diagram of a carbene center coupled to an electrophilic pi-
system along with an example molecule that has been sorted out from the data set due to a
strongly delocalized carbene nonbonding orbital.
2
Table 1: Extreme carbenes with lowest singlet (top) and triplet (bottom) state energy
∆Es−t//t calculated at MRCISD+Q-F12/cc-pVDZ-F12//B3LYP/def2-TZVP level of theory.
Extreme low values of ∆Es−t//t
T1 T2 T3 T4 T5
-58.3 -53.9 -53.5 -51.6 -51.6
Extreme high values of ∆Es−t//t (monosubstituted methylidenes)
T6 T7 T8 T9 T10
29.8 29.5 29.4 29.3 29.2
Extreme high values of ∆Es−t//t (disubstituted methylidenes)
T11 T12 T13 T14 T15
27.6 27.5 26.2 25.4 25.0
T16 T17 T18 T19 T20
24.4 24.1 20.2 21.9 20.5
3
Table 2: Extreme carbenes with lowest singlet (top) and triplet (bottom) state energy
∆Es−t//s calculated with MRCISD+Q/cc-pVDZ-F12//CASSCF/cc-pVDZ-F12
Extreme low values of ∆Es−t//s
S1 S2 S3 S4 S5
−76.7 −77.3 −77.3 −87.3 −82.7
−108.1 −113.7 −115.1 −126.0 −132.4
Extreme high values of ∆Es−t//s
13.3 6.1 3.2 1.1 1.1
Table 3: Example set of carbene centers coupled to a strongly electrophilic pi-system. Spin
gap energies ∆Es−t//t given with respect to the lowest triplet state “t” and the two lowest
carbene singlet states “S0” and “S1” are given in kcal/mol.
S0 22.5 S0 15.6 S0 7.6 S0 17.6 S0 18.4
S1 31.3 S1 31.1 S1 19.7 S1 41.1 S1 35.6
S0 24.5 S0 8.7 S0 2.9 S0 -3.0 S0 19.9
S1 39.1 S1 20.6 S1 19.9 S1 22.8 S1 21.5
4
Table 4: Most important triplet state configurations and their weight in the CASSCF wave
function for exemplary carbenes with orbitals on a neighbouring functional group interacting
with the carbene center non-bonding orbitals via strong hyperconjugation. The contribution
of each type of configuration within an SA-CASSCF(4e,4o) calculation including the four
lowest triplet and the two lowest singlet states is given in percentage. The singlet-triplet gap
energies are given in kcal/mol for the lowest states as calculated with MRCISD+Q-F12/cc-
pVDZ-F12. Superscript a indicates the first excited triplet state.
Types of triplet configuration
76% 96% 97%
82%a - -
13%a 4% 3%
16% - -
∆Es−t//t -52.3 11.0 26.8
-96.1a - -
5
2 The electronic structure of carbenes
Strong electron correlation can play an important role in the carbene singlet state as the
non-bonding orbitals on the carbene center may be close in energy and are close in space
by definition. Hence, the essential physical interactions relevant for the spin gap may be
described by treating the two non-bonding orbitals at the carbene center within a complete
active space (CAS) calculation. In fact, it is known since the early 1980’s1 that only the
inclusion of both non-bonding orbital closed shell configuration “|20〉” and “|02〉” in the SCF
method yields qualitatively correct singlet-triplet gaps (≈10 kcal/mol) for methylene with
respect to experiment (9.08 kcal/mol ± 0.18). The basis set converged HF spin gap is near
25 kcal/mol).2 We advocate that this two-configuration character of the singlet state wave
function (WF) should reflect in the carbene MO diagram3 whenever strong correlation is
significant. Figure 1 depicts the corresponding carbene MO diagram.
A balanced and qualitatively correct treatment of both spin states may then in the
general case be obtained by a state-averaged (SA) CASSCF(2e,2o) calculation. For the
triplet state of the carbene, the SA-CASSCF wave function has a single-reference character(
ΨCASSCFS=1 = A|φαi , φβi , φαj , φβj ,. . . , φαr , φαs |, Es=1 = 〈ΨCASSCFS=1 |Hˆ|ΨCASSCFS=1 〉
)
, where φi, φj, . . .
are spin-restricted closed-shell orbitals with the corresponding spin function, r, s are spin-
restricted active orbitals, mainly located on the carbene center, and A| . . . | denotes a Slater-
Determinant.
For the singlet state (S = 0), the two closed-shell configurations R and S are the ones
obtained for natural orbitals:
ΨCASSCFS=0 = cRA|φαi , φβi , φαj , φβj , . . . , φαr , φβr |
+cSA|φαi , φβi , φαj , φβj , . . . , φαs , φβs |,
(1)
where cT and cU are the complex-valued configuration interaction (CI) coefficients. The
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singlet state energy then reads:
ECASSCFS=0 = |cR|2ES=0,R + |cS|2ES=0,S
+(c∗RcS + c∗ScR)Krs .
(2)
ES=0,R and ES=0,S are the mean field energy contributions of the configurations R and
S, respectively. Krs = (rs|rs) (Mulliken notation) is an exchange interaction that arises
from the strong correlation of the two electrons in the active orbitals and that stabilizes
the singlet state. The strength of the strong correlation can be expressed as an angle
θ = arctan
( |cS |
|cR|
)
, 0◦ ≤ θ ≤ 45◦. For θ larger than a few degrees, the system is gener-
ally considered of significant multireference character.
Early computations at the MRCISD+Q level of theory with a two-configuration SCF
wave function were able to reproduce the methylene singlet-triplet spin gap up to a few
tenths of kcal/mol when approaching the basis set limit.2,4
The MRCISD method introduces dynamic correlation on top of the CASSCF reference
wave function by including singly and doubly excited configurations in the variational op-
timization of the wave function. Empirical quadruple excitations contributions (“+Q”) are
included via the Davidson correction.5 Including singles and doubles excitations in the quasi-
variational way of internally contracted MRCI allows for a certain “flexibility” in the wave
function to properly describe the diverse carbene systems in our chemical space.
Methods based on the configuration interaction expansion may suffer from important
size-consistency errors, even though the Davidson correction generally alleviates this prob-
lem. This may for example lead to noticeable errors in the balanced description of effective
spin couplings in carbene systems along dissociation curves.6 However, singlet-triplet gaps
in carbene monomers can be viewed as a rather size-intensive property and therefore the
size-consistency defect of MRCISD+Q is much less significant. Even though the coupled
cluster (CC) methods are in general the most reliable way to compute accurate dynamical
correlation contributions, computationally affordable single-reference CC methods do not
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perform systematically better than MRCISD+Q in the case of carbenes.7,8 Single-reference
post-HF methods depend strongly on the quality of HF as a zeroth-order approximation, we
therefore opted to use MRCISD+Q as our benchmark reference.
3 Qualitative assessment of ∆Es−t
Using the singlet and triplet state wave functions and energy expressions of SA-CASSCF(2e,2o),
as described in Section 2 in the SI, the vertical spin gap ∆ECASSCFs−t for a given carbene struc-
ture can be written as (assuming real-valued configuration interaction coefficients):
∆ECASSCFs−t =
(
1 + PˆrsPˆRS︸ ︷︷ ︸
operators that permute r/R and s/S
)[[
2|cR|2 − 1
][
krr + vrr︸ ︷︷ ︸
1-electron interactions
+
∑
i
(2Jir −Kir)︸ ︷︷ ︸
mean field interaction with the closed shell electrons
]
+ |cR|2Jrr︸ ︷︷ ︸
active orbital Coulomb interaction S = 0
]
−
(
Jrs −Krs
)
︸ ︷︷ ︸
active orbital Coulomb and exchange interaction S = 1
−
[
2|cRcS|Krs
]
︸ ︷︷ ︸
active orbital resonance energy S = 0
(3)
where the index i runs over closed shell orbitals and indices r and s over active orbitals of the
carbene and krr and vrr are the kinetic and electron-nuclei attraction energies, respectively.
The Coulomb interaction Jrs term reads (rr|ss) in Mulliken notation. For convenience, all
effective 1-electron interactions of an active orbital can be grouped into one variable ε(1)r =
krr+vrr+
∑
i (2Jir −Kir). Introducing the variable α = 2|cR|2−1 and using |cR|2 + |cS|2 = 1,
eq. 3 can be rewritten as:
∆ECASSCFs−t = α
(
1− Pˆrs
)(
ε(1)r +
1
2Jrr
)
+ J+rs − Jrs +
(
1−
√
1− α2
)
Krs (4)
where the active orbital Coulomb repulsion terms have been regrouped according to their
dependence on α with J+rs = 12
(
Jrr + Jss
)
.
8
Another instructive way of writing the SA-CASSCF(2e,2o) energy expression for the
singlet or triplet state is in terms of general one-particle and two-particle reduced density
matrices in the active space spinorbital basis:
ECASSCF = Ec + Enuc +
∑
rs
f crsD
(1)
rs +
∑
rstu
D(1)rs [(rs|tu)− (ru|ts)] +O(D(2)rs,tu) (5)
where f crs = δrsε(1)r is the closed shell orbital Fock operator and Ec and Enuc are the closed
shell energy and nuclear interaction, respectively. The only contribution that is essentially
expressed in terms of the active space two-particle reduced density matrix D(2)rs,tu is the singlet
state resonance energy from the strong correlation. All other terms in eq. 5 can be expressed
as the CASSCF wave function expectation values of a generalized Fock operator that takes
into account that the mean field density of active space orbital Coulomb and exchange
interactions is expressed by more than one reference configuration.9 As we are using natural
orbitals (NO) in the active space, the state-averaged one-particle reduced density matrix
take simple diagonal forms and the generalized Fock operator representation in the NO
active orbital basis FNO is in general diagonal dominant. Given that we verify that the
natural orbitals active space reproduces well the concept of nonbonding carbene orbitals,
the natural orbital energies may be an intuitive way of quantifying the concept of energy
splitting of the carbene nonbonding orbitals. Since the active space orbitals r and s are
at least partially occupied in the CASSCF generalized mean field, from the perspective of
Koopmans’ theorem,10 these orbital energies may be seen as state-averaged formal negative
ionization energies of the orbital associated singlet and triplet state configurations cR and
cS, i. e.
εr = ε(1)r +
1
2Jrs −
1
2Krs +
1
2Jrr , εs = Pˆrsεr . (6)
It should be noted that the diagonal elements of FNO would be a less suited choice for the
definition of orbital energies given that the singlet state contribution to the state averaged
generalized Fock operator will converge to the single-reference Fock operator for θ → 0. In
9
that case the orbital s would be treated as a virtual orbital and the orbital energy would not
be a meaningful approximation of the negative ionization energy. The contributions linear in
α in eq. 4 can then be approximated by the carbene orbital energy splitting ∆εrs = εr − εs.
Furthermore, from the definition of α it follows that the entanglement angle θ can be
written as θ = 12 arccos(α). Finally, expressing the spin gap in terms of θ then yields:
∆ECASSCFs−t = cos(2θ) ∆εrs +
[
1− sin(2θ)
]
Krs + ∆J+rs (7)
with ∆J+rs = J+rs − Jrs. J+rs can be understood as the orbital-averaged Coulomb interaction
in the active space for the singlet state. Since the electrons occupy the same active orbital
in the singlet state configurations, J+rs is in general significantly larger in magnitude than
the corresponding triplet state Coulomb repulsion Jrs and hence ∆J+rs > 0.
In the regime of strong orbital entanglement (θ ≥ 25◦) a second order Taylor expansion
of eq. 7 at θ = 45◦ yields:
∆ECASSCFs−t ≈ 2∆θ∆εrs + 2∆θ2Krs + ∆J+rs (8)
where ∆θ = 45◦ − θ. In the regime of moderate orbital entanglement (θ ≤ 15◦) a second
order Taylor expansion of eq. 7 at θ = 0◦ yields:
∆ECASSCFs−t ≈
[
1− 2θ2
]
∆εrs +
[
1− 2θ
]
Krs + ∆J+rs (9)
Partial differentiation of ∆ECASSCFs−t with respect to θ and setting
∂∆Es−t(θ)
∂θ
= 0 yields expres-
sions for θmin which can be inserted into eqs. 8 and 9, yielding the equations given in the
main text.
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Figure 4: Distribution of the Coulomb ∆J+rs and the exchange Krs integrals calculated using
SA-CASSCF(2e,2o)/pVDZ-F12.
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